The inflammatory response in amyotrophic lateral sclerosis (ALS) is well documented but the underlying cellular mechanisms have not been fully elucidated. We report that microglia isolated from the mutant human superoxide dismutase 1 (SOD1) G93A transgenic mouse model of ALS have an increased response to the inflammatory stimulus, lipopolysaccharide. Cell surface area and F4/80 surface marker, both indicators of cell activation, are increased relative to transgenic wild-type human SOD1 microglia. Monocyte chemoattractant protein-1, known to be increased in ALS, is produced at three-fold higher levels by SOD1 G93A than by wild-type human SOD1 microglia, under activating conditions. This novel finding implicates ALS microglia as a source of the increased monocyte chemoattractant protein-1 levels detected in ALS patients and in the ALS mouse model. NeuroReport
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Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder in which there is injury and cell death of upper and lower motor neurons, causing progressive and eventually fatal failure of the neuromuscular system. Pathological analysis shows that the neurodegenerative process is accompanied by microglial activation and astrogliosis. Although the aetiology of the disease is yet to be fully elucidated, studies on animal models of ALS as well as on human tissue samples have shown that several factors contribute to motor neuron injury. These include inflammatory mediators and interactions between motor neurons and glial cells [1] . Furthermore, there is a tendency in ALS patients for the disease to start focally and to spread progressively to contiguous groups of motor neurons [2] . In an animal model of the disease, transgenic mice expressing human mutant Cu/Zn superoxide dismutase 1 (SOD1), non-neuronal, microglial and astrocytic cells make a clear contribution to the propagation of motor neuron injury [3] [4] [5] .
Microglia, as the main immunocompetent cell type of the central nervous system (CNS), have the potential to secrete most of the inflammatory mediators that could contribute to disease progression. Some of these have been shown to be elevated in the cerebrospinal fluid (CSF) and CNS tissues of ALS patients. Thus, the CSF of ALS patients has been reported to contain increased levels of monocyte chemoattractant protein-1 (MCP-1), prostaglandin (PG) E2 and tumour necrosis factor (TNF)-a, when compared with samples from controls [6] [7] [8] [9] . These and other mediators were also elevated in the CNS of ALS animal models compared with controls (reviewed in [1] ). Microglia expressing mutant human SOD1, isolated from the SOD1 G93A transgenic model of ALS and activated with lipopolysaccharide (LPS), were shown to secrete greater amounts of TNF-a, superoxide and nitric oxide when compared with control microglia [5, 10, 11] . However, a systematic study investigating how the overexpression of mutant SOD1 in microglia may affect their cellular and secretory properties under inflammatory conditions has not been conducted and the source of MCP-1 in ALS has not been identified. Here, we examined some of the properties of microglia isolated from the SOD1 G93A murine model of ALS and control animals transgenic for wild-type human SOD1. Morphological properties (cell surface area, index of ramification, activation marker F4/80 expression), indicative of the activation status of microglia [12] , and the secretion of cytokines, chemokines and PGE2, were measured under both resting and inflammatory conditions induced by treatment with LPS. This study shows that SOD1 G93A microglia have altered morphological properties and elevated production of MCP-1, a chemokine that is consistently and strongly associated with ALS.
Methods

Cell culture preparations
All animals were handled in accordance with the guidelines of the Animals (Scientific Procedures) Act 1986.
The cortices of neonatal (1-2 days old) human mutant SOD1 G93A transgenic (SOD1 G93A) mice [B6SJLTg (SOD1*G93A)1Gur/J purchased from Jackson Laboratories], human wild-type SOD1 (SOD1 WT) transgenic mice and their nontransgenic (NTG) littermates, NTG (G93A) and NTG (WT), respectively, were stripped of meninges, washed and triturated in Hank's balanced salt solution with Ca 2 + /Mg 2 + containing 0.04% trypsin (Sigma-Aldrich, Poole, Dorset, UK), 0.1 mg/ml collagenase (Calbiochem, Nottingham, Nottinghamshire, UK) and 0.05 mg/ml DNaseI (Sigma-Aldrich). After trituration, the enzymatic process was stopped by addition of an equal volume of complete medium [Dulbecco's modified Eagle's medium (Cambrex Bioscience, Wokingham, Berkshire, UK), 10% heat-inactivated foetal calf serum (BioSera, Ringmer, Sussex, UK), 100 units/ml penicillin and 100 mg/ml streptomycin (Gibco, Invitrogen, Paisley, Renfrewshire, UK)] and the cells were plated on coverslips coated with poly-L-lysine (Sigma-Aldrich) at 60 000 cells/cm 2 . For the purification of microglia, the confluent cultures were subjected to mild trypsinisation [13] , which resulted in microglial preparations of more than 90% purity and 30 000 microglia/coverslip. Across the genotypes there was no significant difference between the mean cell numbers per coverslip during resting or activated states, as assessed by cell counts on representative coverslips from six independent SOD1 G93A and three independent SOD1 WT cultures. Resting and activation/ inflammatory conditions were achieved by incubating microglia in complete medium with vehicle (Hank's balanced salt solution) or with 1 mg/ml LPS for 24 h, respectively.
Immunocytochemistry
The cells were washed with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde for 15 min and permeabilised with 0.1% Triton X-100. Nonspecific binding was blocked with 5% foetal calf serum in PBS for 30 min. The cells were incubated with a rat anti-mouse F4/80 (Serotec) and isotype control (Serotec, Kidlington, Oxfordshire, UK) primary antibodies in blocking buffer at room temperature for 1 h. After washing in PBS, the cells were incubated with a goat anti-rat fluorescein isothiocyanate secondary antibody (Serotec) in blocking buffer at room temperature for 1 h and nuclei stained with 0.2 mg/ml Hoechst 33342 (Intergen, Oxford, Oxfordshire, UK) solution for 1 min. The coverslips were mounted after additional washes in PBS.
Microscopy and image analyses
Stained cells were viewed under an Axiovert 200 microscope (Carl Zeiss, Welwyn, Hertfordshire, UK) fitted with a digital camera (Hamamatsu), and pictures generated in Openlab 3.7.1 software (Improvision, Coventry, Warwickshire, UK). Cell surface area, index of ramification (IR) and F4/80 expression were quantified using ImageJ software [14] . The IR values were calculated as described earlier [15] .
Measurement of secreted inflammatory mediators
Supernatants from the resting and activated cells were collected and centrifuged to remove cells, then tested for the presence of analytes [interleukin-3, 4, 5, 6, 10, 12p70, 13, keratinocyte chemokine, interferon-g, MCP-1, and TNF-a] using a cytometric bead array (Becton Dickinson, Oxford, Oxfordshire, UK) assay, as per the manufacturer's protocol. PGE2 was measured with an enzyme-linked immunosorbent assay kit (R & D systems, Abingdon, Oxfordshire, UK) according to the manufacturer's protocol.
Statistical analyses
Data were analysed using GraphPad Prism 5.0 software (GraphPad, La Jolla, California, USA). Single comparison of MCP-1 production by activated NTG (G93A) and SOD1 G93A cells was conducted using the Mann-Whitney test. All other data sets were analysed by multiple comparisons using one-way analysis of variance with Tukey's post test when data fitted a Gaussian distribution or Kruskal-Wallis test with Dunn's post test when the data did not fit a Gaussian distribution.
Results
Morphological activation parameters
To gauge the activation status of resting microglial cells and the degree of activation by an inflammatory stimulus, the morphological properties and F4/80 expression of SOD1 G93A and SOD1 WT microglia were compared to microglia from respective NTG littermate controls. Resting SOD1 G93A microglia had similar surface areas to the resting control microglia, indicating that SOD1 G93A microglia under resting conditions have a morphology associated with the physiological resting phenotype. However, the cell surface area increased significantly in SOD1 G93A microglia on activation with LPS [ Fig. 1a , mean ± standard error of the mean (SEM): 128 ± 5% for SOD1 G93A vs. 100 ± 5% for NTG (G93A), 100 ± 13% NTG (WT) and 97 ± 10% for SOD1 WT, P < 0.05]. The fold change value, which measures the magnitude of the change from the resting to the activated states, showed that while SOD1 G93A microglia increased the cell area 1.26 fold, the cell area of SOD1 WT microglia reduced 0.84 fold [ Fig. 1a , mean ± SEM: 1.26 ± 0.05 fold for SOD1 G93A vs. 1 ± 0.05 fold for NTG (G93A), 1 ± 0.1 fold for NTG (WT) and 0.84 ± 0.08 fold for SOD1 WT, P < 0.01]. This indicates that SOD1 G93A and SOD1 WT microglia have divergent responses to the activation stimulus. The average index of ramification, which reports on the degree of microglial amoeboid morphology known to be associated with activation, did not differ between SOD1 G93A and SOD1 WT microglia under resting or activated states (Fig. 1b) , although there was a slight increase in the fold change in IR between SOD1 G93A and NTG (G93A) microglia [ Fig. 1b , mean ± SEM: 1 ± 0.01 fold for SOD1 G93A vs. 0.96 ± 0.02 fold for NTG (G93A), P < 0.05] that was not seen in WT SOD1 cells. The activation marker F4/80 was expressed at significantly higher levels on resting SOD1 G93A cells when compared to resting NTG (G93A) microglia [ Fig. 1c , mean ± SEM: 150.4 ± 10% for SOD1 G93A vs. 100 ± 7% for NTG (G93A), P < 0.05], again a difference not seen in SOD1 WT cells. However, expression levels increased equally in microglia of both genotypes after activation, suggesting that the presence of SOD1 G93A can increase F4/80 expression in the absence of external stimuli.
Secretion of inflammatory mediators
To investigate the levels of inflammatory molecules secreted by SOD1 G93A microglia under resting and activating conditions, the concentrations of various cytokines and chemokines and PGE2, were measured in the conditioned media of the SOD1 G93A and the NTG (G93A) cells using a cytometric bead array assay using identical numbers of cells for each condition and genotype.
We measured the levels of molecules that are associated with microglial activation (e.g. MCP-1, TNF-a) and those that are not (e.g. interferon-g) because it is unknown how the overexpression of the SOD1 G93A in microglia can affect its secretory phenotype. The concentrations of the analytes, including TNF-a, were not significantly different between the SOD1 G93A and NTG (G93A) microglial conditioned media (Table 1 ) except for MCP-1. SOD1 G93A microglia secreted significantly higher levels of MCP-1 than did activated NTG (G93A) cells [ Table 1 , mean ± SEM: 17020 ± 3222 pg/ml for SOD1 G93A vs. 7350 ± 2383 pg/ml for NTG (G93A), P < 0.05]. A more detailed investigation of MCP-1 production showed that activated SOD1 G93A microglia produced significantly greater levels of MCP-1 than did NTG (G93A), SOD1 WT and NTG (WT) microglia, with the fold change values showing over 3 fold greater production of MCP-1 by activated SOD1 G93A microglia than by control microglia [Fig. 2 , mean ± SEM: 27 ± 5 fold for SOD1 G93A vs. 8 ± 3 fold for NTG (G93A), 3 ± 0.3 fold for NTG (WT) and 3 ± 0.4 for SOD1 WT, P < 0.05].
Discussion
Activated microglia have potential neurotoxic properties and may have a deleterious role in neurodegenerative diseases such as ALS. Here, we report that SOD1 G93A microglia show altered morphological properties, possibly indicating an increased potential for activation, in both the resting and activated states. In the presence of G93A mutant SOD1, F4/80 is elevated even in the resting state. This macrophage cell surface marker has been used widely to distinguish cells of myeloid lineage, and murine F4/80 is known to be upregulated during microglial activation [16, 17] . The function of F4/80 in mice is yet unknown, but its human homologue EMR1 and other members of the EMR family were shown to bridge the functions of innate and adaptive immune systems [18] . Thus, the elevated F4/80 expression on the resting state SOD1 G93A microglia may make them more responsive to the immunologic changes when compared to the resting control cells, resulting in earlier or excessive inflammatory response.
Microglial morphology may, to some degree, indicate activation status and so the increase in cell surface area in activated SOD1 G93A microglia could represent an enhanced inflammatory response to a stimulus [12] . This may also be reflected in the greater shift towards amoeboid morphology in these cells. Taken together, these data suggest that mutant but not wild-type SOD1 may induce a pro-inflammatory shift in the properties of microglia.
We have also demonstrated that activated SOD1 G93A microglia have elevated MCP-1 production when compared to control cells. The activation was induced by incubating the cells for 24 h with 1 mg/ml LPS. We applied this concentration of LPS to replicate the inflammatory conditions used in other studies, which have previously attempted to investigate alterations in the properties of microglia induced by the presence of mutant SOD1 [5, 10, 11] . Using our microglial cultures obtained from neonatal animals, we were unable to detect increased production of TNF-a by TG G93A microglial cells, despite retesting the conditioned media using TNF-a enzyme-linked immunosorbent assay kits (data not shown). This finding corresponds with previously published results of Weydt et al. [10] who showed that TG G93A microglia isolated from adult, but not neonatal, animals showed increased production of TNF-a when compared with that of NTG (G93A) microglia.
The findings of this study indicate that activated SOD1 G93A microglia are a possible source of elevated MCP-1 levels in ALS. Overexpression of MCP-1 in the mouse CNS causes encephalopathy and chronic activation of microglia [19] . MCP-1 increases the recruitment of leucocytes to sites of CNS injury [20] and may alter the permeability of the blood-brain barrier [21] . MCP-1 can also be secreted by neurons and astrocytes, and its receptor, CCR2, is constitutively expressed on neurons and astrocytes [22] . These findings suggest that MCP-1 exerts autocrine and paracrine effects on most cell types in the CNS. MCP-1 was shown to be neuroprotective by upregulating the expression of neurotrophic molecules, such as basic fibroblast growth factor, in astrocytes, and astrocytic MCP-1 was directly neuroprotective in excitotoxicity [23] . However, under physiological conditions, MCP-1 has also been shown to induce neuronal cell death through excitotoxicity and oxidative stress mediated by microglial overstimulation and unregulated inflammatory reactivity [24] . Thus, we speculate that the increased SOD1 G93A microglial inflammatory phenotype, along with increased MCP-1, described in this study may result in a proinflammatory microglial response to activation by damaged motor neurons, which could propagate motor neuronal injury and death in ALS. MCP-1 is thus a candidate inflammatory mediator, which could play a key role in the propagation of neuronal damage in ALS.
Conclusion
In this study, we examined morphological and secretory properties of SOD1 G93A microglia under resting and activating conditions. Activated SOD1 G93A microglia have a marked increase in cell surface area when compared with the control cells, indicative of a greater level of activation by LPS. We also identified that activated SOD1 G93A microglia produced much greater levels of MCP-1 than did the activated control cells, an increased production of over three-fold. This is of particular interest as MCP-1 is the only chemokine consistently reported to be elevated in the CNS and CSF of ALS patients. The known properties of MCP-1 mean that this molecule may represent a key mediator in the propagation of motor neuron injury and disease progression and an attractive target for anti-inflammatory therapeutic approaches. Activated superoxide dismutase 1 (SOD1) G93A microglia produced significantly more monocyte chemoattractant protein-1 (MCP-1) than did nontransgenic (NTG) (G93A), NTG wild-type (WT) and SOD1 WT control microglia. The data represent mean ± SEM from conditioned media of five NTG (G93A), seven TG G93A, three NTG (WT) and three SOD1 WT microglial cultures that did not differ in cell numbers under resting and activated states (see Methods). The resting and activated state values as well as the fold change values between the two states per genotype are shown. # P < 0.05 between SOD1 G93A and NTG (G93A) as measured by Kruskal-Wallis test with Dunn's post test; *P < 0.05 and **P < 0.01 between SOD1 G93A and SOD1 WT as measured by one-way analysis of variance with Tukey's post test.
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